FUsed in Sarcoma/Translocated in LipoSarcoma (FUS/TLS or FUS) has been linked to several biological processes involving DNA and RNA processing, and has been associated with multiple diseases, including myxoid liposarcoma and amyotrophic lateral sclerosis (ALS). ALS-associated mutations cause FUS to associate with stalled translational complexes called stress granules under conditions of stress. However, little is known regarding the normal role of endogenous (nondisease linked) FUS in cellular stress response. Here, we demonstrate that endogenous FUS exerts a robust response to hyperosmolar stress induced by sorbitol. Hyperosmolar stress causes an immediate re-distribution of nuclear FUS to the cytoplasm, where it incorporates into stress granules. The redistribution of FUS to the cytoplasm is modulated by methyltransferase activity, whereas the inhibition of methyltransferase activity does not affect the incorporation of FUS into stress granules. The response to hyperosmolar stress is specific, since endogenous FUS does not redistribute to the cytoplasm in response to sodium arsenite, hydrogen peroxide, thapsigargin, or heat shock, all of which induce stress granule assembly. Intriguingly, cells with reduced expression of FUS exhibit a loss of cell viability in response to sorbitol, indicating a prosurvival role for endogenous FUS in the cellular response to hyperosmolar stress.
Introduction
Fused in sarcoma/translocated in liposarcoma (FUS/TLS or FUS) is an RNA/DNA-binding protein that is implicated in a diverse array of cellular processes. FUS, also known as heterogeneous ribonuclear protein hnRNP P2 (Calvio et al., 1995) , is a member of the TET family of proteins that also includes EWS (Ewing's sarcoma) and TAF15 (TATA-binding protein-associated factor 15) (Tan and Manley, 2009) . FUS was originally discovered in the context of a fusion oncoprotein in myxoid liposarcoma cells (Crozat et al., 1993) . Since then, this multifunctional protein has been linked to various aspects of RNA and DNAprocessing, including mRNA splicing (Ishigaki et al., 2012) , transcription (Wang et al., 2008) , and DNA repair (Kuroda et al., 2000) . Recently, mutations in FUS have been linked to the fatal neurodegenerative disease amyotrophic lateral sclerosis (ALS) (Kwiatkowski et al., 2009; Vance et al., 2009) .
FUS is predominately expressed in the nucleus of most cells (Andersson et al., 2008) , although it shuttles between the nucleus and cytoplasm during mRNA transport (Fujii and Takumi, 2005; Zinszner et al., 1997) . Several reports have shown that ALS-linked FUS mutants associate with cytoplasmic stress granules under conditions of oxidative stress and heat shock (Bosco et al., 2010; Dormann et al., 2010; Gal et al., 2010) . Stress granules are stalled translational complexes comprised of mRNA, ribosomes, and RNA-binding proteins that form in response to induced stress, such as hyperosmolar stress, oxidative stress, heat shock, ultraviolet irradiation and viral infection (Anderson and Kedersha, 2009 ). These dynamic complexes are thought to play a role in sorting mRNAs for expression, storage or degradation (Kedersha and Anderson, 2002) . More recently, stress granules have also been shown to directly regulate protein activity in the context of cellular signaling (Wippich et al., 2013) . In contrast to the aforementioned mutant FUS, much less is known about the association of endogenous FUS with stress granules and the role of endogenous FUS in stress response.
Herein, we sought to examine the response of endogenous FUS to various cellular stressors. We found that inducers of stress granule assembly shown to direct mutant-FUS to stress granules, such as sodium arsenite, thapsigargin, hydrogen peroxide, and heat shock, had no effect on the subcellular distribution of endogenous FUS. In striking contrast, endogenous FUS exhibited a robust redistribution from the nucleus to the cytoplasm and assembled into stress granules under conditions of hyperosmolar stress induced by sorbitol and sucrose. Not only was the response of FUS stress-specific, it was also regulated by methyltransferase activity. Cells with reduced FUS expression were more susceptible to sorbitol-induced toxicity, suggesting that FUS plays protective role with regard to cellular homeostasis. These data establish a novel role for the multifunctional FUS protein in cellular stress response.
Materials and Methods

Cell culture and induced stress
HeLa cells and HEK293 cells were cultured in minimal essential medium (MEM, Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS, Sigma, St. Louis, MO, USA) and 1% penicillin and streptomycin (P/S, Gibco, Grand Island, NY, USA) under standard culture conditions (37°C, 5% CO 2 /95% air). NSC-34 cells and mouse embryonic fibroblasts (MEFs) were cultured in Dulbecco's MEM (DMEM, Gibco, Grand Island, NY, USA) supplemented with 10% FBS and 1% P/S under standard culture conditions. FlpIn HEK293 cells with stably integrated GFP-FUS G515X were cultured as described previously (Bosco et al., 2010) . Sorbitol (Sigma, St. Louis, MO, USA) was dissolved directly into the media to obtain a concentration of 0.4 M and added to the cells (Kedersha and Anderson, 2007) . Sucrose (Electron Microscopy Sciences, Fort Washington, PA, USA) was dissolved into media to obtain a final concentration of 600 osmol/L and added to the cells (Bevilacqua et al., 2010) . Stock solutions of 100 mM sodium arsenite (Sigma, St. Louis, MO, USA) in DMSO (Sigma, St. Louis, MO, USA), 10 mM thapsigargin (Sigma, St. Louis, MO, USA) in DMSO, 1 M hydrogen peroxide (Sigma, St. Louis, MO, USA) in media, 30 mM emetine (Sigma, St. Louis, MO, USA) in water and 20 mM Adenosine-2′,3′-dialdehyde (AdOx, Sigma, St. Louis, MO, USA) in water were prepared and added to the media to obtain the final concentrations of 0.5 mM, 50 μM, 1.5 mM, 50 μg/ml and 50 μM respectively. Doxycycline (Sigma, St. Louis, MO, USA) was used at a final concentration of 1 μg/ml from a stock of 50 mg/ml prepared in water. Cells were exposed to heat shock by adding media, pre-warmed to 43°C, followed by immediate transfer to an incubator set to 43°C. ON-TARGETplus SMARTpool (Dharmacon, Waltham, MA, USA ) consisting of a pool of siRNAs against FUS (Cat # L-009497-00-0005,) and ON-TARGETplus Non-targeting pool siRNA (Cat # D-001810-10-05) as control were transfected using Lipofectamine-2000 (Invitrogen, Grand Island, NY, USA) according to the manufacturer's instructions.
NSC-34 cell lines were a kind gift from Dr. Neil Cashman (University of British Columbia). Stable NSC-34 cell lines expressing short hairpin (sh) RNA against mouse FUS (shFUS) or non-targeting scrambled RNA (shSC) were prepared by first transducing with the Tet repressor. A single clone that demonstrated good induction without any leaky expression was then selected. NSC34-TetR cells were then transduced with inducible lentivirus-Tet-on/ shFUS or Tet-on/shSC (Ishigaki et al., 2012) . Cells were treated with 1 μg/ml doxycycline to induce the expression of the shRNAs.
Immunofluorescence
Immunofluorescence was performed as described in (Bosco et al., 2010) . Primary antibody incubation conditions were as follows: 1:500-1000 rabbit anti-FUS (A300-293A, Bethyl Labs, Montgomery, TX, USA); 1:2500 mouse anti-TIAR (610352, BD Transduction Labs, San Jose, CA, USA); 1:1500 rabbit ant-ASYM24 (07-414, Millipore, Billerica, MA, USA); 1:2500 mouse anti-G3BP (611126, BDTransduction Labs, San Jose, CA, USA) for 1 hr at room temperature; and 1:250 mouse anti-GE-1/hedls/p70 S6 kinase (sc-8418, Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 12 hrs at 4°C. Secondary anti-mouse IgG antibody conjugated to Dylight 549 (715-505-151, Jackson ImmunoResearch Labs, West Grove, PA, USA) was used at 1:1500-1:3000. Secondary anti-rabbit IgG antibody conjugated to Dylight 488 (711-485-152, Jackson ImmunoResearch Labs, West Grove, PA, USA) and secondary anti-rabbit IgG antibody conjugated to Cy5 (711-175-152, Jackson ImmunoResearch Labs, West Grove, PA, USA) were used at 1:1500-1:3000. GFP signal was enhanced using 1:2000 Alexa Fluor 488-conjugated rabbit anti-GFP (A21311, Invitrogen, Grand Island, NY, USA). Nuclei were stained with 50 nM 4',6'-diamidine-2-phenylindole dihydrochloride (DAPI; D1306, Invitrogen, Grand Island, NY, USA) for 5 min at room temperature. Coverslips were mounted with ProLong Gold Antifade Reagent (P36930, Invitrogen, Grand Island, NY, USA).
Image acquisition and quantification
Fixed cell images were acquired using a Solamere Technology Group CSU10B (Salt Lake City, UT, USA) spinning disk confocal system as described (Bosco et al., 2010) or using a Leica DMI6000B microscope (Leica Microsystems, Buffalo grove, IL, USA). For images acquired with the Leica microscope, a 100x objective was used with LAS AF One Software (Leica Microsystems, Buffalo grove, IL, USA) and the Leica DFC365FX camera. Maximum projection images were created from acquired image stacks (z=0.2-0.25μm, n=6-44 planes) and analyzed using NIH Image J software.
For quantifying the percentage (%) of nuclear FUS, image stacks (z=0.2μm, n=13 planes) of 60 cells were collected from n=3 experiments with the spinning disk confocal system above. Images were analyzed using MetaMorph software (Molecular Devices, Sunnyvale, CA, USA). Sum projections of each image stack were created after subtracting the background signal as described (Bosco et al., 2010) . The integrated morphometry analysis tool was used to calculate the percent (%) nuclear FUS. Statistical significance between conditions was determined by an ANOVA and Tukey's post-hoc pairwise test.
Western blots
Western blots were performed essentially as described in (Bosco et al., 2010) . Briefly, blots were incubated at 4°C with shaking overnight in the presence of primary antibodies as per the following dilutions: 1:500 anti-tubulin (Sigma. St. Louis, MO, USA), 1:500 anti-FUS (in house antibody created against 264-284 peptide sequence of FUS, Genscript, Piscataway, NJ, USA), 1:500 anti-FUS (47711, Santacruz, Santa Cruz, CA, USA) and 1:1000 anti-ASYM24 (07-414, Millipore, Billerica, MA, USA). Densitometry was performed using the Odyssey infrared imaging systems software (Licor Biosciences, Lincoln, NE, USA).
Immunoprecipitation
Cells resuspended in 50 mM Tris HCl (pH 7.5) supplemented with 1% NP-40, 150 mM NaCl, 5 mM EDTA, 10% glycerol and complete protease inhibitor (lysis buffer) were briefly sonicated and incubated at 4°C with shaking for 30 min. The lysates were centrifuged for 15 min at 13000 rpm and 4°C. Pre-clearing of the supernatants was achieved by incubation with 100 μl of Biomag Protein G beads (Invitrogen, Grand Island, NY, USA) at 4°C with shaking for 2 hrs. The beads were removed with a magnet and the protein concentration of the supernatant was determined using a bicinchoninic assay (ThermoScientific, Billerica, MA, USA). Anti-FUS (Genscript, Piscataway, NJ, USA) or anti-GFP antibody (ab290, Abcam, Cambridge, MA, USA) was bound to fresh beads with shaking for 2 hrs at 4°C. A total of 1 mg of the pre-cleared supernatant was then added to 100μl of antibody-bound beads and incubated overnight with shaking at 4°C. The lysate was removed and beads were washed three times with lysis buffer. Proteins bound to the beads were eluted with 1X SDS sample buffer at 95°C for 5 min, and probed by western as described above.
Cell toxicity assays
NSC-34 cell lines shSC and shFUS were plated in 24 well dishes. 48 hrs after induction with doxycyline, cells were treated with 0.4 M sorbitol or 0.25 mM sodium arsenite for 8 hrs. For the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) assay 100 μl of 5 mg/ml MTT (Invitrogen, Grand Island, NY, USA) was added to the wells for 35 min followed by cell lysis overnight with 300 μl lysis buffer (10% SDS in 1:1 N,Ndimethylformamide:water/2% acetic acid/2.5% HCl 1 M ) and absorbance measurement at 550 nm using the VICTOR V plate reader (Perkin Elmer, Waltham, MA, USA). Cell viability for each sample was calculated using the formula: % viability = 100 × (OD Sample -OD Blank )/(OD Untreated -OD Blank ). LDH (Lactate dehyrodenase) assay was performed as per manufacturer's protocol (CytoTox 96® Non-radioactive Cytotoxicity Assay, Promega, Madison, WI, USA). After the 8 hr treatment, 50 μl of media from each well was transferred to wells of 96 well plate. 50 l of substrate mix was then added to each well and the plates were covered and incubated at ambient temperature, protected from light for 30 min. After the incubation, 50 l stop solution was added to each well and absorbance was recorded at 490 nm using the above plate reader. Percentage (%) cytotoxicity was determined for each experimental condition (Expt) using the formula: % cytotoxicity = 100 × (OD Expt -OD Untreated )/(OD Max -OD Untreated ), where OD Max represents the absorbance of the media from a well with complete lysis of cells releasing maximum LDH. All assays were performed at least three independent times. Statistical significance was determined by a twotailed Student's t-test.
Results
Endogenous FUS redistributes to the cytoplasm and assembles into stress granules in response to hyperosmolar stress
In order to investigate the role of FUS in stress response, we examined the nucleocytoplasmic distribution of FUS in response to various cellular stressors. Hyperosmolar stress induced by the administration of 0.4 M sorbitol to HeLa cells for 1 hr resulted in a striking redistribution of FUS from the nucleus to the cytoplasm, where FUS assembled into numerous puncta. A majority of FUS-positive puncta co-localized with the stress granule marker proteins, G3BP ( Fig. 1A ; supplementary material Movie M1) and TIAR ( Fig. 1B ; supplementary material Movie M2) (Kedersha and Anderson, 2007) . The redistribution and incorporation of FUS into stress granules in response to sorbitol is reminiscent of other nuclear hnRNPs, such as hnRNP A1 (Guil et al., 2006) and TDP-43 (Dewey et al., 2011) . However, not all hnRNP proteins redistribute to stress granules in response to sorbitol (van der Houven van Oordt et al., 2000) , suggesting a functional role in stress response for those hnRNPs that do localize to these structures. In addition to sorbitol, hyperosmolar stress induced by sucrose also caused FUS to redistribute to the cytoplasm and incorporate into stress granules (supplementary Fig. S1 ).
Since stress granules are functionally related to processing bodies (P-bodies), which are cellular sites of mRNA degradation (Moore, 2005) , we also probed for the co-localization of endogenous FUS with GE-1/hedls, a constituent of P-bodies but not stress granules (Kedersha and Anderson, 2007) . The majority of P-bodies did not co-localize with FUSpositive granules. However, some P-bodies appeared to associate with and/or dock onto FUS-positive granules ( Fig. 1C ; supplementary material Movie M3), consistent with the physical association between P-bodies and stress granules that has been previously described (Bosco et al., 2010; Kedersha et al., 2005) .
Next, we investigated the effect of sorbitol in other cell lines. Administration of sorbitol to HEK (human embryonic kidney)-293T, MEFs (mouse embryonic fibroblasts) and NSC-34 (neuroblastoma × spinal cord hybrid) (Cashman et al., 1992) cell lines recapitulated the results from HeLa cells; FUS redistributed from the nucleus to the cytoplasm, where it assembled into G3BP-and TIAR-positive stress granules (supplementary material Fig. S2) . Therefore, the response of FUS to hyperosmolar stress is not a cell type-specific phenomenon, but rather is detected in several different mammalian cell lines.
In contrast to sorbitol and sucrose, FUS did not redistribute to the cytoplasm when HeLa cells were exposed to inducers of oxidative stress (e.g., sodium arsenite and hydrogen peroxide), endoplasmic reticulum (ER) stress (e.g., thapsigargin) or heat shock, all of which induce the formation of stress granules in a majority of cells (Fig. 2) (Emara et al., 2012; Kedersha and Anderson, 2007) . Endogenous FUS was not detected in any of the G3BP-positive stress granules that formed under these conditions; we did not detect any cells with elevated cytoplasmic FUS or FUS-positive stress granules under these conditions. Similarly, exogenously expressed wild-type FUS did not redistribute nor assemble into stress granules under the aforementioned conditions (Bentmann et al., 2012; Bosco et al., 2010; Daigle et al., 2013; Dormann et al., 2010) , although the effect of sorbitol on endogenous or exogenous FUS has not been reported. Thus our results demonstrate that the formation of stress granules by various stressors is not sufficient to cause a redistribution of FUS to the cytoplasm, indicating that there are specific factors associated with hyperosmolar stress that elicit this response for endogenous FUS.
The assembly of FUS into stress granules is rapid and reversible
The formation of stress granules represents a fast, almost immediate, response of cells to induced stress. To determine the time frame in which FUS responds to sorbitol, we monitored the cellular redistribution of FUS by immunofluorescence microscopy over a onehour time course of sorbitol exposure. G3BP is an effector of stress granule assembly (Aulas et al., 2012; Tourriere et al., 2003) and was therefore used as a marker to monitor the assembly process. The cytoplasmic redistribution of FUS was detected within 10 min of sorbitol treatment, a time point that preceded the appearance of discreet G3BP-positive cytoplasmic foci, demonstrating that FUS starts to accumulate in the cytoplasm before stress granules are fully formed (Fig. 3A) . Within 20 min of sorbitol treatment, discreet G3BP-positive stress granules containing FUS were detected. Therefore FUS appears to incorporate into stress granules on the same time scale that these foci are being formed.
G3BP-and FUS-positive stress granules appear fully formed by 60 min, at which time a substantial fraction of FUS was redistributed to the cytoplasm.
The formation of stress granules is a reversible process (Anderson and Kedersha, 2008) . After the induced stress is removed, stress granules disassemble as the cell re-establishes homeostasis. We monitored the disassembly of stress granules in HeLa cells pre-treated with sorbitol to determine the subcellular fate of FUS as cells re-established homeostasis. The disassembly of stress granules was initiated by replacing media containing sorbitol with fresh media lacking sorbitol, and cells were monitored for 60 min by immunofluorescence microscopy as described above. Within 10 min of removing sorbitol from the media, FUS dissociated from stress granules and re-distributed to the nucleus in virtually all (~90%) cells. However, G3BP-positive, FUS-negative foci persisted in approximately one third of cells at this time point (Fig. 3B) . For the remainder of the time course, FUS was localized to the nucleus while G3BP-positive stress granules gradually continued to disassemble until the 60 min time point, when ~20% of cells contained G3BP-positive stress granules. These data show that FUS exhibits a rapid response not only to the administration of sorbitol (Fig. 3A) , but also to the removal of this stressor (Fig. 3B ).
Stress granule assembly is required for robust cytoplasmic redistribution of FUS
FUS is a nucleo-cytoplasmic shuttling protein. Therefore, the accumulation of FUS in the cytoplasm can result from increased export of the protein from the nucleus and/or decreased import to the nucleus from the cytoplasm. The nucleo-cytoplasmic equilibrium of FUS may be shifted towards the cytoplasm through FUS binding interactions. For example, injection of anti-FUS antibodies into cells trapped the majority of FUS in the cytoplasm within 2 hrs (Zinszner et al., 1997) . Since the timescale of FUS redistribution from the nucleus to the cytoplasm under conditions of hyperosmolar stress (1 hour, Fig. 3 ) is similar to that in aforementioned antibody study (2 hours, (Zinszner et al., 1997) ), we asked whether or not stress granules serve as a "cytoplasmic sink" that effectively traps FUS in the cytoplasm through mass action. Stress granule assembly was inhibited by the addition of 50 g/ml emetine, which stabilizes polysomes and blocks translation elongation (Kedersha et al., 2000) , for 1 hr prior to the administration of hyperosmolar stress. As expected, only diffuse G3BP signal (i.e., no G3BP-positive stress granules) was observed under these conditions (Fig 4A) . Interestingly, emetine treatment also markedly attenuated the cytoplasmic redistribution of FUS (Fig. 4A ) in the presence of sorbitol. These data implicate stress granule formation as a requisite for the cytoplasmic redistribution of FUS, and suggest that the full response of FUS to hyperosmolar stress includes its assembly into stress granules.
Next we investigated the role of FUS in stress granule assembly under conditions of hyperosmolar stress. HeLa cells were first treated with either siRNA specific for FUS or non-targeting siRNA as a control for 48 hrs, and were then exposed to 0.4 M sorbitol for 30 min to induce the formation of stress granules (Fig. 4B) . Although cells treated with FUS siRNA exhibited a ~90% reduction in FUS protein levels (Fig. 4C) , these cells produced G3BP-positive stress granules in response to sorbitol that were indistinguishable from control cells (Fig. 4B) . While the physical response of FUS to hyperosmolar stress depends on the stress granule assembly pathway (Fig. 4A) , FUS does not appear to dictate the ability of stress granules to form.
Methylation regulates the nucleo-cytoplasmic distribution of FUS under hyperosmolar stress
Next we investigated the mechanisms by which FUS relocalizes to the cytoplasm and incorporates into stress granules in response to hyperosmolar stress. Methylation of arginine residues is a post-translational modification that modulates the nucleo-cytoplasmic distribution of hnRNP proteins, such as the cold-inducible RNA-binding protein (CIRP) (De Leeuw et al., 2007) . Some reports implicate a link between the arginine methylation status of ALS-linked FUS and its subcellular localization (Tradewell et al., 2012; Yamaguchi and Kitajo, 2012) . In fact, mass spectrometry analyses demonstrate that up to 20 arginine residues are asymmetrically dimethylated in FUS (Rappsilber et al., 2003) . That protein arginine N-methyltransferase-1 (PRMT1), which accounts for ~85% of arginine methylation in the cell (Bedford and Clarke, 2009) , and FUS interact suggests that the methylation of FUS is catalyzed by PRMT1 (Du et al., 2011; Tradewell et al., 2012; Yamaguchi and Kitajo, 2012) . Interestingly, stress granules contain arginine methylated hnRNP proteins, raising the possibility that this post-translational modification influences stress granule dynamics (Xie and Denman, 2011) . This notion is supported by an attenuation of fragile X mental retardation protein (FMRP) in stress granules upon exposure to adenosine-2', 3'-dialdehyde (AdOx) (Dolzhanskaya et al., 2006) 
, a general inhibitor of methyltransferases (O'Dea et al., 1987).
To determine whether or not the methylation status of FUS regulates its subcellular localization under conditions of hyperosmolar stress, we examined the nuclear-cytoplasmic distribution of FUS after treatment of HeLa cells with AdOx. FUS remained predominately nuclear in the presence of AdOx alone (data not shown). However, when cells were pretreated with AdOx prior to sorbitol exposure, there was a significant effect on the nuclearcytoplasmic partitioning of FUS compared to cells treated with sorbitol alone (Fig. 5A and  B) . While sorbitol treatment resulted in a ~50% reduction of nuclear FUS compared to control cells, pre-treatment with AdOx restored ~30% of FUS to the nucleus (Fig. 5B) . To quantify the methylation status of the FUS protein itself, FUS was immunoprecipitated from untreated cells or from cells treated with AdOx in combination with sorbitol and probed for asymmetrically dimethylated arginine residues with the ASYM24 antibody (Tradewell et al., 2012) . Arginine methylation of FUS in untreated cells was detected by ASYM24 (Fig. 5C) , which is expected since FUS is reportedly arginine methylated under homeostatic conditions (Rappsilber et al., 2003) . The level of methylated FUS was not significantly altered by the addition of sorbitol (data not shown). However, the arginine methylation status of FUS decreased by more than 50% in cells pre-treated with AdOx (data not shown) or AdOx in combination with sorbitol (Figs. 5C and D) . Since AdOx is a general methyltransferase inhibitor, we cannot exclude the possibility that other methylation events influence the subcellular distribution of FUS in these experiments. Nonetheless, these data suggest that the methylation status of FUS must be maintained in order for it to redistribute to the cytoplasm under conditions of hyperosmolar stress, and are consistent with the notion that hypomethylated forms of FUS fail to shuttle out of the nucleus (Tradewell et al., 2012; Yamaguchi and Kitajo, 2012 ).
Next we sought to determine if hypomethylated FUS could still assemble into stress granules. Since the assembly of FUS into stress granules occurs concomitantly with cytoplasmic accumulation (Fig. 3) , it was necessary to first dissect these two processes. To this end, we transiently transfected HeLa cells with the GFP-tagged FUS 515X truncation construct, which lacks the nuclear localization signal and is therefore retained in the cytoplasm under homeostatic conditions (Bosco et al., 2010) . GFP-FUS 515X assembled into stress granules in response to 0.4 M sorbitol, and the extent of this association was the same whether cells were pre-treated with AdOx or not (Figs. 6A and B) . The same outcome was observed in HEK-293 cells stably expressing GFP-FUS 515X (data not shown). In contrast to the GFP-FUS signal, there was a dramatic decrease in the ASYM24 signal in cells pre-treated with AdOx (Figs. 6A and B) , indicating that pre-treatment with AdOx effectively inhibited methyltransferase activity within these cells. Immunoprecipitation with anti-GFP followed by western blot analysis with the ASYM24 antibody confirmed that GFP-FUS 515X was indeed hypomethylated due to AdOx pre-treatment (Fig. 6C) . Thus, despite a large reduction in the methylation status of FUS in AdOx pre-treated cells (Figs. 5 and 6), FUS still robustly associated with stress granules. We note that a small fraction of FUS remained dimethylated in the AdOx condition (Fig. 6C) , presumably FUS protein that was methylated prior to AdOx exposure but had not turned over during the course of the experiment (Xie and Denman, 2011) . In the absence of commercially available antibodies that are specific for dimethylated FUS, we cannot exclude the possibility that stress granules contain some dimethylated FUS in these experiments. However, the dramatic decrease in ASYM24 signal is consistent with a reduced load of methylated proteins within stress granules, and therefore it is unlikely that all of the residual methylated FUS is sequestered into these structures. Together, these studies argue against a role for arginine methylation in regulating the incorporation of FUS in stress granules.
Cells are susceptible to sorbitol toxicity and death when FUS expression is reduced
Given that the full response of FUS to hyperosmolar stress includes its assembly into stress granules (Fig. 4) , and that the role of stress granules is to overcome stress and re-establish cellular homeostasis, we investigated whether the expression of FUS is important for cellular viability under conditions of hyperosmolar stress. The normal cellular response to hyperosmolar stress includes cell cycle arrest, during which time cells may adapt to stress and resume proliferation (Burg et al., 2007) . However, severe hyperosmolar stress induces apoptosis and cell death (Bevilacqua et al., 2010; Burg et al., 2007) . To address the susceptibility of cells to hyperosmolar toxicity in the absence of FUS, we employed inducible NSC-34 cell lines that stably express either shRNA specific for FUS (shFUS) or a scrambled control shRNA (shSC) sequence. These cell lines are advantageous for cell viability measurements since cell death resulting from chemical transfection protocols is eliminated. NSC-34 cells were induced with doxycycline for 48 hrs, resulting in ~70% knock down of FUS in the shFUS line (Fig. 7A) but not a loss of cell viability in either shFUS or shSC cells (data not shown). Cells were then treated for 8 hrs with either 0.4 M sorbitol or 0.25 mM sodium arsenite as a negative control. Sodium arsenite induces stress granule assembly, however endogenous FUS does not associate with stress granules under this condition (Fig. 2) . Moreover, others have reported that mammalian cells with knockeddown FUS expression are not susceptible to sodium arsenite (Aulas et al., 2012) . In agreement with this report, we did not detect a difference in percentage cell viability (Fig.  7B ) or cell death (Fig. 7C ) between shFUS and shSC cells in response to sodium arsenite using the MTT and LDH assays, respectively. In contrast, the percentage of viable cells was approximately two-fold lower in the shFUS cells compared to shSC cells after sorbitol treatment (Fig. 7B) . That shFUS cells are more susceptible to sorbitol-induced toxicity was confirmed by the LDH cell death assay, which revealed 3-fold greater cell death in shFUS cells treated with sorbitol compared to shSC cells under the same conditions. Therefore, while the expression of FUS is not required for the assembly of stress granules (Fig. 4B) , cellular homeostasis and survival during hyperosmolar stress is mediated by the expression of FUS.
Discussion
Although FUS is predominately expressed in the nucleus of most cell types (Andersson et al., 2008) , it can shuttle between the nucleus and the cytoplasm during mRNA transport (Fujii and Takumi, 2005; Zinszner et al., 1997) . The equilibrium of FUS expression can be shifted towards the cytoplasm using inhibitors against RNA polymerase II (Pol II) (Zinszner et al., 1994) or against the nuclear import receptor Transportin-1 (Trp), also known as Karyopherin β2 (Dormann et al., 2010) . Genetic perturbations of its nuclear localization signal (NLS) also increase the cytoplasmic expression of FUS in the neurodegenerative disease ALS (Kwiatkowski et al., 2009; Vance et al., 2009 ). Herein we demonstrate a novel and robust response of endogenous FUS to hyperosmolar stress, whereby FUS redistributes from the nucleus to the cytoplasm within minutes of exposure to sorbitol (Figs. 1, 2 and 3) or sucrose (Fig. S1) .
A role for FUS in hyperosmolar stress response is further supported by its association with stress granules under this condition. Stress granules are stalled translational complexes; as such, they are thought to regulate mRNAs processing during stress (Anderson and Kedersha, 2008) . Recently, the activity of mTORC1 was shown to correlate with its sequestration inside stress granules, suggesting that these complexes can also regulate cell signaling at the protein level (Wippich et al., 2013) . Importantly, no other chemical or environmental stressor has been shown to cause endogenous FUS to redistribute from the nucleus into the cytoplasm and enter into stress granules. While different stressors, such as oxidative stress and heat shock, have been shown to influence the association of ALS-linked mutant forms of FUS with stress granules, the nature of the NLS mutations causes FUS to accumulate in the cytoplasm a priori of stress (Bosco et al., 2010; Dormann et al., 2010) . In contrast, hyperosmolar stress triggers both the cytoplasmic redistribution of FUS and its assembly into stress granules. Therefore, the response of endogenous FUS to hyperosmolar stress represents an altogether different mechanism compared to the previously described mutant forms of FUS. Further, our data support a normal and important role for endogenous FUS in stress response (discussed further below), whereas the association of ALS-linked FUS with stress granules is thought represent a pathogenic mechanism in disease (Wolozin, 2012) .
In order to dissect the processes governing the cytoplasmic redistribution of FUS from its incorporation into stress granules, we employed the GFP-FUS G515X construct, which lacks the nuclear localization domain. This allowed us to investigate the role of methylation as a post-translational modification in both events. Inhibition of methyltransferases with AdOx significantly reduced the cytoplasmic redistribution of FUS during hyperosmolar stress (Fig. 5) . Moreover, analysis with the ASYM24 antibody revealed that FUS is asymmetrically dimethylated at arginine residues under homeostatic conditions but is hypomethylated in the presence of AdOx (Figs. 5 and 6 ). These observations, together with a mass spectrometry study demonstrating that ~20 arginine residues within FUS are asymmetrically dimethylated (Rappsilber et al., 2003) , supports the possibility that methylation of the FUS protein itself dictates its subcellular localization during hyperosmolar stress. Conversely, the methylation status of FUS, or other cellular factors for that matter, does not appear to regulate the association of FUS with stress granules (Fig. 6) . A remaining possibility is that other post-translational modifications of FUS influence its association with stress granules.
What are the biological implications of FUS in hyperosmolar stress response? Hyperosmolar stress is implicated in a myriad of disease conditions in humans, including renal failure, diabetes, neurodegeneration and inflammation, as well as disorders of the eye, heart and liver (Brocker et al., 2012) . Moreover, the cell shrinkage caused by hyperosmolar stress triggers many adverse subcellular events, such as mitochondrial depolarization, inhibition of DNA replication and transcription, damage to DNA and proteins, and cell cycle arrest, all of which can ultimately lead to cell death (Alfieri and Petronini, 2007; Brocker et al., 2012; Burg et al., 2007) .
Our results are consistent with a prosurvival mechanism for endogenous FUS in human conditions that involve hyperosmolar stress. First, the response to hyperosmolar stress is specific, since alternative stressors that induce stress granule assembly such as oxidative stress and heat shock fail to elicit a similar response from endogenous FUS (Figs. 1-3) . This data suggests a potentially distinct cellular response to hyperosmolar conditions compared to other stressors. Second, cells are more susceptible to hyperosmolar toxicity when FUS expression is reduced (Fig. 7) , supporting a prosurvival role for FUS in this type of stress response.
Other nuclear hnRNPs, such as hnRNP A1, also respond to hyperosmolar stress by redistributing to the cytoplasm and assembling into stress granules. When localized to stress granules, hnRNP A1 is thought to specifically suppress the translation of anti-apoptotic factors and in turn initiates apoptosis under conditions of severe hyperosmolar stress (Bevilacqua et al., 2010) . An intriguing possibility is that FUS sequesters specific mRNAs and proteins into stress granules, thereby altering their expression and/or function in response to the hyperosmolar stress. Indeed, recent PAR-CLIP (Hoell et al., 2011) and RIPChip (Colombrita et al., 2012) analyses have identified thousands and hundreds, respectively, of mRNA transcripts that are bound by FUS in the cell under homeostatic conditions. Interestingly, FUS binds mRNA that encodes genes involved in DNA damage repair and cell cycle regulation (Colombrita et al., 2012) , two pathways that are altered during hyperosmolar stress (Burg et al., 2007) .
In summary, our results support a prosurvival function for endogenous FUS during hyperosmolar stress. These findings have implications for human disorders with an etiology that involves hyperosmolar stress. Identifying the factors that regulate the response of FUS to hyperosmolar stress, as well as the pathways affected by FUS under this stress condition, will be critical to further our understanding of this prosurvival role of FUS.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. anti-G3BP (A) or anti-TIAR (B) revealed that FUS co-localizes with stress granules in response to sorbitol (see also supplementary material Movies M1 and M2). (C) P-bodies were detected by anti-GE-1/hedls antibody in both untreated and treated conditions; however, the majority of P-bodies did not exhibit co-localization with FUS (see also Supplementary Material Movie M3). Cells were counter stained with the nuclear marker DAPI (blue; A-C). Images are representative of at least n=3 experiments. Scale bar represents 10 μm. HeLa cells were treated with either 0.5 mM sodium arsenite (NaAsO 2 ) for 1 hr, 1.5 mM hydrogen peroxide (H 2 O 2 ) for 2 hrs, 50 μM thapsigargin for 30 min, or heat shock at 43 °C for 30 min. Immunofluorescence revealed that G3BP-positive stress granules (red) formed under all stress conditions. FUS (green) remained nuclear and absent from stress granules under these stress conditions, similar to the unstressed condition (top panel). Nuclei were stained with DAPI (blue). All images are representative of n=3 independent experiments. Scale bar represents 10 μm. (A) HeLa cells were treated with 0.4 M sorbitol for 1 hr, 50 μg/ml emetine for 1 hr or pre-treated with emetine followed by sorbitol treatment. Cells were then fixed and probed by immunofluorescence for DAPI (blue), FUS (green) and G3BP (red). Emetine pre-treatment inhibited both stress granule assembly, as evidenced by the diffuse G3BP signal, and the cytoplasmic redistribution of FUS in the presence of sorbitol. (B) HeLa cells were transfected with non-targeting siRNA (siNT) or siRNA against FUS (siFUS) for 48 hrs, subsequently treated with 0.4 M sorbitol for 1 hr, and then processed for immunofluorescence as described above. Cells treated with either siFUS or siNT exhibited normal stress granule formation (B, red) in response to sorbitol, despite a significant reduction in FUS protein levels in siFUS treated cells as evidenced by immunofluorescence (green; B) and western blot (C). All images are representative of at least n=3 independent experiments. Scale bar represents 10 μm. (A) Expression of either a non-targeting scrambled shRNA (shSC) or shRNA against FUS (shFUS) was induced by doxycycline for 48 hrs in NSC-34 cell lines, resulting in ~70% knock-down of the FUS protein as determined by western blot. Tubulin was used as a loading control. Cells were then treated with 0.4 M sorbitol or 0.25 mM sodium arsenite for 8 hrs and subjected to the (B) MTT cell viability assay or (C) LDH cell toxicity assay. (B) A significant decrease in cell viability was detected in shFUS cells (38±6%) compared to shSC cells (76±11%) when treated with sorbitol, whereas shFUS cells did not exhibit an analogous susceptibility to sodium arsenite (59±4% for shFUS versus 57±6% for shSC). (C) A higher percentage of cell death was detected in shFUS cells (15.2±3.6%) compared to shSC cells (4.2±1.4%) in response to sorbitol, whereas no difference in cell death was detected when these lines were stressed with sodium arsenite (7.4±2.2% for shFUS versus 4.3±0.7% for shSC). (B,C) 
